Introduction
instrument, such as a closed chamber to exclude air. [7] [8] [9] Although a combination of using chemical modifiers and pre-coating the graphite furnace can improve boron absorbance measurements, the advantages of using GF-AAS, such as its relative simplicity and the speed at which it can be used to analyze samples, are lost when a pre-coating treatment is required. New chemical modifiers that can stabilize boron reactions in the graphite furnace without requiring the furnace to be pre-coated are required.
The aims of this study were as follows: (1) to evaluate boron absorbance using different GF-AAS instruments and the dependency of boron absorbance on the graphite atomizer control parameters, and (2) to investigate the use of chemical modifiers to suppress the volatilization of boron without using a pre-coating treatment. We used three commercially available GF-AAS instruments with polarized Zeeman effect background correction and Massian-type graphite furnaces. The temperature profile during the atomization process and the boron absorbance were simultaneously monitored using a radiothermophotometer when the three GF-AAS instruments were used. We tested the effectiveness of transition metals as new chemical modifiers and compared the results achieved with results that could be achieved with chemical modifiers that have been used previously. The distributions of the chemical modifiers in the graphite furnace after ashing procedures had been performed were observed using scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDX) so that the reaction between boron and the chemical modifiers could be discussed.
Experimental
Three types of GF-AAS instruments, ZA-3000, Z-2010, and Z-2710 (Hitachi High-Technologies), and a Pyro Tube C HR graphite furnace (Hitachi High-Technologies) were used in this study. A hollow cathode lamp for boron analysis was obtained from Hitachi High-Technologies. A 1000 mg L -1 standard solution of boron was obtained from Kanto Chemical. Ultrapure water was made using a Milli-Q academic A-10 system (Merck Millipore). A TR-630 spot infrared thermometer (Konica Minolta) was used to determine temperature variations in the graphite furnace during the atomization procedure. Copper, Dy, Fe, and Si standard solutions were used as chemical modifiers, and these were obtained from Wako Pure Chemical Industries. These standard solutions contained 1000 mg L -1 of the appropriate metal in a 0.2 mol L -1 nitric acid matrix. The Si standard solution contained Si at 1000 mg L -1 in a 0.3 mol L -1 Na2CO3 solution. Also, CaCO3 (99.5%) was obtained from Wako Pure Chemical Industries.
A 4 mg L -1 boron solution was prepared by diluting the standard with ultra-pure water. A 1000 mg L -1 CaCO3 solution was prepared in ultra-pure water containing a small amount of HCl. A 10 μL aliquot of the boron solution was added to the graphite furnace using an autosampler after 10 μL of the CaCO3 solution had been added. The temperature program that was used is shown in Table 1 . The thermometer was set on top of the GF-AAS instrument to monitor the whole of the graphite furnace. The boron absorbance and the temperature in the graphite furnace were measured simultaneously. The thermometer was calibrated using a Pt/Rh thermocouple. The same hollow cathode lamp was used for all the boron absorbance measurements. The lifetime of a graphite furnace is expected to be shortened when it is used at a high atomization temperature, thus graphite furnaces that had hardly been used, were used. The boron absorbance was determined before and after the graphite atomizer parameters were adjusted when the Z-2710 instrument was used. The boron absorbance was determined without adjusting the graphite atomizer parameters when the ZA-3000 and Z-2010 instruments were used.
Investigations using the new chemical modifiers were conducted using the ZA-3000 and Z-2710 instruments after the graphite atomizer had been adjusted. A 10 μL aliquot of each candidate chemical modifier was added to a fresh graphite furnace using an autosampler before 10 μL of the boron solution was added. Each test was performed several times to stabilize the reaction between boron and the chemical modifiers, then the boron absorbance was measured in triplicate. The temperature program shown in Table 2 was used. The limit of detection (LOD) was determined from a calibration curve for boron using the candidate chemical modifier that was found to be most suitable for performing boron determinations. The concentrations of the boron standard solutions that were used to prepare the calibration were 0, 0.50, 1.0, 2.5, 5.0, and 10 mg L -1 . Each standard solution was measured in triplicate.
The distributions of the chemical modifiers in the graphite furnace were observed using a scanning electron microscope (HITACHI SU3500) and an EDX instrument (HORIBA EMAX). A 10 μL aliquot of a chemical modifier solution was added to a fresh graphite furnace before 10 μL of the boron solution was added. The graphite furnace was heated to just below the atomization step so that the reaction between the boron and the chemical modifiers during the ashing step could be investigated. The graphite furnace was then cooled and the chemical modifier Wave length was 249.8 nm. Slit width was 0.4 nm. a. Three different ashing temperatures were used for the determination by ZA-3000 and Z-2710. The determination by Z-2010 was conducted at an ashing temperature of 1500 C. b. Maximum temperature for Z-2710 and Z-2010 was 2800 C, whereas that for ZA-3000 was 3000 C. Table 2 Other parameters were identical to Table 1. solution was added again, and this procedure was repeated five times to improve the elemental signals from the chemical modifier that could be obtained using the SEM-EDX instrument. The graphite furnace was then divided into an upper part and a lower part using a stainless steel cutter. The parts of the graphite furnace were attached to an SEM sample holder using carbon tape. No pre-coating procedure was performed. The accelerating voltage was 15 kV, the working distance was 10 mm, and the magnification was between 5 and 300.
Results and Discussion
The boron absorbances determined using the ZA-3000, Z-2710, and Z-2010 instruments are shown in Fig. 1 . The absorbance using the ZA-3000 instrument had a sharp peak at all the ashing temperatures that were tested. The peak height was higher when the ashing temperature was 800 C than when it was 700 and 1500 C. One absorbance profile found using the Z-2710 instrument at 1500 C had a small and broad peak, but two other profiles found using the same instrument at the same temperature were almost flat. The peak height was quite low using the Z-2010 instrument relative to the peak height using the ZA-3000 instrument. The absorbance profile found using the Z-2710 instrument also had a broad peak and a long tail, and stronger absorbance in the tailing part was found at ashing temperatures of 700 and 800 C than at 1500 C. A kink was found at a time of 1.0 s in the profile obtained using the Z-2710 Table 1 . Chemical modifier was 1000 mg L -1 of CaCO3 solution. Boron absorbance at 700 and 800 C of ashing temperature using Z-2010 were not determined. instrument, suggesting that there were at least two boron species present during the atomization process. These results suggest that the ZA-3000 instrument was suitable for determining boron without adjustment but Z-2710 and Z-2010 instruments required adjustments. The temperature profiles in the graphite furnace during the atomization process are shown in Fig. 2 . The starting and goal temperatures were similar using all the GF-AAS instruments. However, the temperatures at approximately 0.5 -3.0 s were different using the different instruments. The temperature using the ZA-3000 instrument overshot the required temperature, and exceeded 2900 C at 1.0 s, then gradually decreased untill 5.0 s. The temperature using the Z-2010 instrument stopped rising rapidly after 0.7 s, at approximately 2700 C, and then remained almost constant until 5.0 s. Remarkably, the rapid increase in the temperature using the Z-2710 instrument stopped after 0.5 s, at approximately 2550 C, and then the temperature increased gradually until 5.0 s. These results imply that overshooting the temperature in the graphite furnace is a suitable profile for determining boron. Suppressing the increase in temperature using photothermal control causes insufficient atomization to occur and poorly volatile boron compounds to be formed. Boron forms poorly volatile species at approximately 2400 C, so the absorbance profile found using the Z-2010 instrument had small peaks relative to the peaks found using the ZA-3000 instrument, and this suggests that boron remained in the graphite furnace when the Z-2010 instrument was used. The existence of poorly volatile species when the Z-2710 instrument was used was also implied, but the long tail that was found after a time of 1.0 s suggested that different boron species were present using this instrument than when the Z-2010 instrument was used.
The temperature profile found using the Z-2710 instrument after the graphite atomizer had been adjusted is shown in Fig. 3 . The original Z-2710 graphite atomizer setting meant that it stayed below the set temperature, but the temperature overshot the set temperature once it had been adjusted in a similar way to the overshot found using the ZA-3000 instrument. The Z-2710 instrument gave sufficiently reproducible results using this setting. The absorbance of boron found using the Z-2710 instrument after the graphite atomizer had been adjusted is shown in Fig. 4 . The absorbance profile found using the adjusted parameters had a sharper peak than when the original parameters were used and it did not have a long tail, and this absorbance profile appeared to be suitable for determining boron.
However, the absorbance was not sufficiently reproducible, which may have been caused by the explosive boiling of the sample drop and/or heterogeneous reactions between boron and calcium carbonate rather than the graphite furnace temperature profile. The reproducibility of the boron absorbance could be stabilized by coating the graphite furnace, as described above, but this was not appropriate in this study because our aim was to identify new chemical modifiers that do not require the furnace to be pre-coated.
The boron absorbances found using the ZA-3000 instrument when various chemical modifiers were added are shown in Fig. 5 . The average absorbances and relative standard deviations (RSDs) are listed in Table 3 . The absorbance had a relatively large peak when calcium carbonate was added, but the reproducibility of the absorbance was insufficient for boron to be quantified. The absorbance was slightly lower when iron nitrate was used than when calcium carbonate was used, but iron nitrate gave an absorbance reproducibility that was sufficient for boron to be quantified. The RSD was clearly smaller when Fe was used as the modifier than when Ca was used. This clearly shows that iron nitrate is a suitable chemical modifier for the determination of boron and that calcium carbonate is not. Sufficiently reproducible absorbance was also found using copper nitrate, but the absorbance was lower than was found using iron nitrate. The RSD was somewhat larger using the Cu modifier than using the Fe modifier. The absorbance spectra contained relatively small peaks when silica in 0.3 M disodium carbonate solution or dysprosium nitrate were used as modifiers, and the reproducibility was insufficient for the determination of boron using these modifiers. The RSDs found using the Si and Dy modifiers were similar to the RSD found using the Ca modifier. It is likely that the reaction between boron and iron nitrate or copper nitrate in a graphite furnace is more stable than when calcium carbonate or other chemical modifiers are used without coating the graphite.
The boron absorbances using iron nitrate and copper nitrate modifiers were also determined using the Z-2710 instrument, to identify the differences between using different GF-AAS instruments (Fig. 6) . The spectra obtained using Ca were insufficiently reproducible, as has already been shown in Fig. 4 . The average absorbances and RSDs found using the different modifiers and the different instruments are listed in Table 3 . The relatively noisy spectra that were found using the Z-2710 instrument may have been caused by the short time constant that was used in the measurements using that instrument. The reproducibility of the boron absorbance when the calcium carbonate modifiers were used was insufficient using the Z-2710 instrument, as it was using the ZA-3000 instrument. The height of the boron absorbance peak was slightly smaller using the iron nitrate modifier than using the calcium carbonate modifier, but the reproducibility of the spectra using the iron nitrate modifier was sufficient for the determination of boron. The absorbance was also smaller when copper nitrate was used than when calcium carbonate was used, as was the case for iron nitrate. The tail of the peak was somewhat longer when copper nitrate was used than when iron nitrate was used, suggesting that slowly atomized boron compounds may have been formed when copper nitrate was used. The RSD using the Z-2710 instrument was smaller when the Cu modifier was used than when the Fe modifier was used. The peak heights obtained using the Fe and Cu modifiers were closer in size using the Z-2710 instrument than using the ZA-3000 instrument. However, the peak heights obtained using the Ca and Fe modifiers were more different in size using the Z-2710 instrument than using the ZA-3000 Fig. 5 Boron absorbance using ZA-3000 with various chemical modifiers. The spectra were measured without adjustment of graphite atomizer. Repetition number for each measurement was 3. Three absorbance profiles were drawn independently for each chemical modifier. Average absorbance was calculated from the maximum of peak height. instrument. This may have been caused by the differences in the temperature profiles during the atomization processes using the ZA-3000 and Z-2710 instruments. It is likely that boron requires a higher atomization temperature to give a high absorbance value when the Fe modifier is used than when the Cu modifier is used. The boron absorbance varied relatively little with temperature when the Cu modifier was used. The boron species produced appeared to be more strongly influenced by the atomization temperature when the Fe modifier was used than when the Cu modifier was used. The boron calibration curve using the Fe modifier and the Z-2710 instrument is shown in Fig. 7 , and this was used to determine the LOD. The slope of the regression line was 0.00363, and the intercept was 0.0187. As shown in Fig. 7 , the regression curve was strongly linear, and the correlation coefficient was 0.995. The LOD was obtained from the residual standard deviation and the slope of the regression line, and was 0.0026 mg L -1 . The LOD we achieved was lower than has been achieved in other studies (Table 4) , and this was because of the reproducibility of the boron absorbance (Table 3 ) and the strong linearity of the calibration curve (Fig. 7) .
An SEM image of the bottom part of the graphite furnace when calcium carbonate was added is shown in Fig. 8(a) . The lightly shaded areas correspond to parts in which calcium was enriched, and the dark areas correspond to the graphite furnace surface. The Ca modifier was found to be cracked, and the graphite furnace surface could be seen between the cracks. The Ca was unevenly distributed on the graphite furnace. The Ca was more abundant in the bottom part of the furnace than in the upper part. Ca was also found on the rim of the graphite furnace. Distance between the rim and the point at which the sample drop was placed was about 10 mm. This implies that the Ca modifier easily moved within the graphite furnace before atomization occurred. Such a Ca distribution could allow boron to react with carbon rather than only Ca. Heterogeneous reaction of boron with Ca and the graphite surface may cause insufficient reproducibility of boron absorbance.
An SEM image of the bottom part of the graphite furnace when iron nitrate was added is shown in Fig. 8(b) . The lightly shaded areas correspond to parts in which iron was enriched, and the dark areas are the graphite furnace surface. The Fe was distributed like a net in both the bottom and upper parts of the furnace. The lightly shaded net was somewhat bolder in the upper part than the bottom part of the furnace. Fe was found on the rim of the graphite furnace (as it was for Ca), suggesting that iron could also move from the sample drop point before atomization occurred. Previous reports suggest that gaps and cracks occur on the surfaces of heated graphite furnaces, 12 and it appears that the Fe modifier was distributed along these gaps and cracks.
An SEM image of the bottom part of the graphite furnace when copper nitrate was added is shown in Fig. 8(c) . The lightly shaded areas correspond to parts in which Cu was enriched, and these areas covered the graphite surface. Dark areas (the graphite surface) were found only in some holes in the Cu coating. There were few cracks in the Cu coating in the upper part of the furnace, and the holes in the Cu coating were larger in the upper part than in the bottom part of the furnace. It is likely that Cu could move from the sample drop point before atomization occurred because the areas in which Cu was enriched were found on the rim of the graphite furnace. It is expected that boron will hardly react with the carbon when the Cu modifier is used.
These results suggest that differences in the behaviors of chemical modifiers in the graphite furnace caused the variations that were found in the boron spectra. Previous reports suggest that boron spectra were sufficiently reproducible when a calcium carbonate and W coating was used. Decreasing the amount of graphite surface that is exposed may contribute to stabilizing the reactions between boron and the calcium modifier. However, although the graphite surface was exposed when the Fe modifier was used, the reproducibility of the boron absorbance was sufficient when this modifier was used. This suggests that the mechanisms by which boron absorbance is stabilized are different between using the Fe modifier and using the Ca modifier. We expect that Cu acts as a pseudo-coating, because the graphite surface was found to be covered with the Cu modifier.
Conclusions
Boron absorbances achieved using different GF-AAS instruments were compared. The boron absorbance spectrum was clearly influenced by the temperature profile during the atomization process. Increasing the temperature slowly led to a broad peak and a long tail being found, whereas overshooting the atomization temperature led to a sharp peak that was suitable for determining boron. These differences may be caused by different boron species being formed during the atomization process when different temperature profiles are used. Our results for the different boron absorbances obtained using different GF-AAS instruments show that the graphite atomizer parameters in an instrument should be adjusted to give a high atomization temperature.
Different boron absorbances were found using the different GF-AAS instruments when calcium carbonate was used as a chemical modifier. Cu and Fe modifiers suppressed the differences in boron absorbances found using different instruments. The differences between the results found using the three chemical modifiers resulted from different boron species forming on the graphite surface during the atomization process. SEM images of the inner wall of the graphite furnace suggested that the Cu modifier acted as a coating agent. The Ca modifier was unevenly distributed in the graphite furnace in comparison with the distribution of the Cu modifier, suggesting that the Ca modifier requires a coating agent to stabilize boron absorbance. The Fe modifier gave sufficiently reproducible boron absorbance despite the graphite surface being partly exposed. Fe could be a useful chemical modifier for determining boron at low concentrations without using a coating agent. The sensitivity and LOD for the boron analysis using the Fe modifier were better than have been achieved in other studies. However, the mechanism through which boron absorbance is stabilized by the Fe modifier is still unclear from the perspectives of atomic absorbance and morphology. Further information on the role of the Fe modifier will be required from studies involving thermodynamic and spectroscopic investigations, such as X-ray absorption fine structure studies and electron energy-loss spectroscopy.
